Zinc is ubiquitous in all living cells. Structural and catalytic properties of cellular enzymes are zinc dependent. Zinc deficiency leads to a variety of pathological abnormalities with immune impairment. It is an established fact that nutritional status contributes to overall immune response of individuals. Outcome of zinc deficiency on immune system is so drastic that it is difficult to conceive at the first instance. Zinc supplementation has been advocated to prevent diarrheal disease in children with poor nutritional status. The bioavailability of zinc depends upon its sources. Moreover it varies between monogastrics and ruminants. Controversy still prevails between inorganic and organic sources of zinc with respect to their superiority in bioavailability. Zinc exerts immunostimulatory effects in various laboratory and farm animals. Animals having congenital zinc deficiency diseases like A46 lethal trait usually die due to impairment of the immune system unless treated with zinc. The immune mechanism of zinc and its effect on animals and man are discussed. Zinc has been considered as extremely safe at higher therapeutic doses, but does not provide any beneficial effect but rather may cause immunosuppression. More recently, zinc has been prescribed for immunodeficient hosts, to modulate the immune system so that to a certain extent it can combat against opportunistic pathogens. (Asian-Aust.
INTRODUCTION
Historically the discovery of zinc dates back to 15 th century. The importance of zinc in the life science was first came to notice in the year 1869, once it was realised that the growth of mold Aspergillus niger is very much zinc dependant (Raulin, 1869) . Until 1934 the biological effect of zinc deficiency in animal physiology was not clearly reported (Todd et al., 1934) . In 1939, recognition of zinc as an integral component of the enzyme carbonic anhydrase established the first biochemical role of zinc (Kelin and Mann, 1939) . Subsequently zinc deficiency in pig was evidenced with clinical symptoms of parakeratotic lesions of the skin (Tucker and Salmon, 1955) . Next to iron the zinc is the most abundant trace mineral of human body (Mc Cance and Widdowson, 1942) . Although by late 1950 it was known that zinc was necessary for human health but not well acclaimed. Zinc deficiency was initially discovered in human with a syndrome of "adolescent nutritional dwarfism" identified principally in mid eastern countries (Prasad et al., 1961) . The organs affected by severe zinc deficiency include epidermal, gastrointestinal, central nervous, immune, skeletal and reproductive systems (Hambidge and Walravener, 1982) . Research findings indicate that the impact of zinc deficiency on immune system is too rapid and extensive than its impact on other tissues and organs. Reduced food intake has been observed in rats to maintain growth or cellular metabolism when maintained in zinc deficient diet.
The immune system is a physiological system, that can discriminate self from non-self, thereby protects the host against pathogens. The integral parts of immune system encompasses heterogeneous subpopulations of immunocompetent cells viz T-cells, B-cells, natural killer cells, monocytes and antigen presenting cells (dendritic cells) and their products like immunoglobulin, cytokines as well as complement proteins. The list of micronutrients, which have significant influence on immune function, is ever increasing and includes zinc, copper, iron, selenium magnesium and several vitamins. Practical consequence of micronutrient deficiency leads to increased susceptibility to infection. Zinc is a cofactor for more than 300 enzymes, which is involved in cell proliferation, DNA replication and signal transduction (Coleman, 1992) . Zinc is an integral part for all of the six enzyme classes viz oxidoreductase, transferase, hydrolase, lyase, isomerase, and ligase. Immune system being a highly proliferating system, continuous cell (T and B-cells) proliferation takes place in order to produce immunoglobulin and cytokines. Zinc deficiency down regulates the system and can be restored to normalcy on supplementation. Deficiencies of zinc dependant metalloenzymes negatively influence the immune function. Cells with rapid turnover such as those involved in cellmediated immune response, the intestinal mucosa, and the skin are particularly vulnerable to zinc deficiency. Most of the immune functions are down regulated by zinc deficiency (Table 1) . Supplementation restores the immune function to its normal level. Many critical reviews on this topic dealing with molecular aspect of zinc and immune system are available, interested reader may go through a number of specific reviews (Sandstead, 1994; Aggett and Comerford, 1995; Prasad, 1995; Wellinghausen et al., 1997a; Rink and Gabriel, 2000) . In the present brief review we have the goal of setting forth, to summaries the recent advancement on zinc from basic and applied fields in a simpler way that can be convincing to many, even to those who are not involved with molecular biology. We have tried to incorporate as many as relevant articles as possible with special reference to farm animals, however relevant citation dealing with mice and human experiments could not be excluded in order to give a comprehensive information. More over it was not within the scope of this review to cover many important points with the cited reference for which we apologize.
MOLECULAR MECHANISM OF ZINC ACTION
Zinc has catalytic, structural and regulatory role in many enzymes and presecretory polymers. It is an integral part of more than 300 metalloenzymes, which control general cellular functions, essential for cell survival and cell replication (Vallee, 1955; Vallee et al., 1948) . Limited amount of zinc is absorbed from stomach and major quantity enters through brush border membrane of intestine by pericellular and carrier mediated process (Rucker et al., 1994) . In ruminants endogenous excretion into the rumen and reticulum is higher than absorption from these stomachs. In monogastric animals dietary phytate makes zinc phytate complex that hinder zinc absorption, whereas low molecular weight binding ligands viz, aminoacids (histidine and glutamate), citrate, glucose, EDTA and picolinate, assists zinc uptake (Hambidge et al., 1986) . Contrary to this, absorption of zinc from rat duodenal loop is reduced when fed with zinc-methionine or zinc chloride along with EDTA (Hempe and Cousins, 1989) . Mounting evidence in avian species as well as ruminants suggest that zinc-methionine may either be absorbed differently or behave differently after absorption as compared to inorganic zinc (Greene et al., 1988; Spears, 1989) . Exact mechanism of zinc entry inside the cell is yet to be known. Zinc ions being hydrophilic don't enter to the cell by passive diffusion. It is hypothesized that it may enter through cation channel, facilitated diffusion mediated by samino acid binding or by specific receptor (Simkin, 1997) . It seems that the transferin receptor (CD71) has a definite roll on zinc uptake, as a sizable amount of zinc remains bound to transferin (Cunningham Rundless et al., 1980) . Current literatures have shown that zinc uptake is mediated by zinc transporter proteins. Zinc transporters are membrane bound proteins having multiple membrane spanning region and most have intracellular histidine rich loop. Till date four zinc transporter proteins viz. Zn T-1, Zn T-2, Zn T-3 and ZnT-4, have been characterized. Some of these zinc transporters respond to immune challenge. Oxidative stress and other metabolic competitors in the diet regulate expressions of the transporter proteins (Cousins and Mc Mahon, 2000) . Within minutes zinc enters inside the cells and exerts its function. Distribution of zinc in different cellular compartments are not uniform, about 30-40% of the total cellular zinc remains in the nucleus, about 50% remains in the cytoplasm and the remainder is associated with the cell membrane. Virtually cellular zinc does not remain as free ion rather it is in the bound form either as zinc protein/enzyme or nucleotides (Thiers and Vallee, 1957; Smeyers Verbeke et al., 1977) . Zinc exerts different effects on monocytes and T-cells but zinc uptake does not differ between these two cell types (Wellinghausen et al., 1997b) . Inspite of fragmentary information regarding the involvement of zinc in cell signaling, considerable researchers have favoured its role in protein tyrosine kinase enzyme, involved in cyclic AMP and cyclic GMP pathways (Wellinghausen et al., 1996a) . In addition zinc alters the membrane fluidity and stability. Thereby contact with other cells and receptors are affected viz. altered assembly of cell surface receptor and ion channels (Simkin, 1997) .
ROLE OF ZINC IN INNATE IMMUNNE FUNCTION
The effect of zinc on immune function is so acute that for some time it is difficult to accept. Most of the information on zinc deficiency is derived from mouse model. Innate immunity mediated by nonspecific immune effectors cell protects the host to a certain extent till the specific immunity develops. Chemotaxis, phagocytosis and generation of oxidative radicals are the major arms of neutrophil and monocyte mediated functions (innate immune system), which are impaired in zinc deficient human being (Keen and Gershwin, 1990) . Influence of zinc on immunesystem has been described briefly in our earlier report (Goswami et al., 2002) . Natural killer (NK) cell have receptor for MHC class-I molecules that inhibit cytotoxicity (Rajgopalon et al., 1995) . Calprotectin, the cytosolic complex protein of neutrophil, which belongs to S-100 protein family, is known to have antifungal activity. It has been suggested that calprotectin may act as zinc chelator thereby zinc deprivation may lead to growth inhibition (Sohnle et al., 1991) . Contrary to it, the finding of Murthy et al. (1993) suggested that zinc could block the anticandidal activity of calprotectin. The possible explanation for the anti-candidal activity of zinc might be due to conformational alteration of calprotectin similar to S-100 protein family member (Klingman and Hilt, 1988) . Earlier report have shown that zinc inhibit bacterial growth by altering the active transport system and blocking the initial step in bacterial mating (Sobocinski et al., 1977) .
EFFECT OF ZINC ON MUCOSAL IMMUNE SYSTEM
Most of the pathogens get entry into the body through mucosal route like intestine and respiratory tract. Soluble proteins and microbes do cross the epithelial barrier. More detail of the trans-epithelial vesicular transport pathway by which microbes cross the barrier is reviewed elsewhere (Kraehenbuhl and Neutra, 2000) . The lymphoid tissues in the mucosal tract specifically in the gut mucosa are organised in two compartments those are anatomically and functionally distinct. The organised lymphoid tissue with encapsulation are located in Peyer's patches, isolated lymphoid follicle and mesentric lymphnodes, the next one is diffuse lymphoid tissues without encapsulation are distributed in intra epithelial and lamina propria of intestine. Depending upon the antigenic stimulus the immunesystem is either activated to Th-1 or Th-2 type, as per their cytokine secretion pattern. Usually bacterial, viral and protozoan antigens favour Th-1 type response with IL-l, IL-12 and IFN-γ cytokine secretion, whereas nematodes infection favourably up regulate the gene for Th-2 type cytokines (IL-4, IL-5 and IL-13) in mesenteric lymphnode and Peyer's patches (Svetic et al., 1993) . Information from experimental studies has indicated that rat fed with zinc deficient diets have higher burdens of Trichinella spiralis along with delayed expulsion as compare to control (Fenwick et al., 1990a,b) . During a recent survey in northern India, decrease in the level of zinc in blood serum was recorded in cattle infected with microfilaria Setaria cervi (Sharma and Joshi, 2002) . Similarly zinc deficiency promotes survival of Heligmosomoides polygyrus in mouse model (Shi et al., 1994; . Although parasites need higher concentration of zinc for their enzymatic function the zinc content of the worms from three different dietary groups did not differ significantly (Shi et al., 1995) . It indicated that the survival of parasite is not due to zinc deficiency in the parasite itself rather deficiency of zinc, impairs the ability of mice T-cells to produce IL-4, the pivotal cytokine that influence the Th-2 type response (Urban et al., 1991) . Insufficient IL-4 production impairs the Ig E and Ig G secretion as well mast cell proliferation, thereby mast cells degranulation are prevented. The other possible explanation is that zinc deprivation drastically reduces the feed intake resulting energy restriction, which contributes to the lower production of INFγ from T-cells (Scott and Koski, 2000) . However force feeding of zinc depleted diet to rats failed to correct the situation (Park et al., 1986) .
ROLE OF ZINC ON LYMPHOPOESIS
A limited period of zinc deficiency as little as 30 days has abrogated most of the immune function in the rat depending upon the severity of deficiency Keen and Gershwin, 1990) . Zinc deficiency and protein calorie malnutrition (PCM) has a drastic effect on immune system exhibited by thymic atrophy and lymphopenia (Chandra and Newberne, 1977) . PCM and deficiency of zinc are not identical but have many common features on immunological determinants with an increased occurrence of sepsis, pneumonia, flue and many other infections in human being. Moderate zinc deficiency due to suboptimal intake is more prevalent from low-income families manifested with low birth weight and chronic diarrhea (Sazwal et al., 1998) . Acute zinc deficiency in human being is of rare occurrence except those suffering from genetic defect to assimilate zinc. The syndrome is known as "acrodermatitis enteropathica" characterized by thymic atrophy and lymphopenia, impaired cell mediated immune response (CMI) with high incidence of infection in those individuals (Endre et al., 1990) . Critical study on mice model has shown that poor immune response in zinc deficiency, directly correlate with decrease in absolute population of peripheral lymphocytes and spleenocytes. It is obvious that the total out put of antibody production (from the reduced number of lymphocytes) is half of the antibody produced from the normal mice. But on per cell basis the IL-2 production from spleenocytes of zinc deficient mice was similar to control mice and respond equally well to known mitogen (Cook-Mills and Fraker, 1993; Dowd et al., 1986) . Unlike IL-2 production, the IL-4 and IL-5 production was found to be down regulated by zinc deficiency in weanling mice (Shi et al., 1998) . Thus the evidences support that diminished immune response is due to decrease in lymphopoesis. Glucocorticoides (GC) induced by suboptimal zinc might play role in down regulation of immune response (Alleyne and Young, 1967) . Administration of dexamithasone (0.125 mg/calf/day) from one week of age up to 8th week has shown decrease serum zinc level with concomitant rise in zinc content in liver of buffalo calf. Higher zinc content in liver has been suggested due to sequestration of zinc from circulation, which remains as bound form with metalothionin (Singh and Singha, 2002) . The background information about the intrinsic mechanism of GC induced immuno-suppression came into light in 1984 by Cohen and Duke. They suggested that loss of thymocytes and precursor T-cells was due to apoptosis induced by GC. Flow cytometry study has shown that bone marrow B and T-cells are equally susceptible to GC . As compare to precursor B-cells (bone marrow B cells) the mature B-cells are fairly resistant to zinc induced apoptosis. The bcl-2 gene a member of protooncogene family found on hematopoetic cells is one of the key factors for the survival of mature B-cells having high expression of bcl-2 gene, which prevent mitochondrial disintegration and rescued the death cycle (Mignotte and Vayssier, 1998) . Low expression of bcl-2 may be the cause of immature B cell depletion; therefore it leads to insufficient replenishment to peripheral circulation. DNA synthesis and cell proliferation is zinc dependant phenomena (Chester, 1997; Chester et al., 1993) . In apoptic death, a cascade of activation of endonuclease leads to fragmentation of cellular DNA (Cohen and Duke, 1984; Schwartzman and Cidlowski, 1993) . Where the suboptimal zinc favours the apoptosis, the higher concentration of zinc supplementation inhibits the endonuclease activity, but it did not provide long-term protection to the cells (Fraker and Telford, 1997) . High level of zinc beyond physiological limit has no beneficial effect rather found to be immunosuppressive (Wellinghausen et al., 1997b) . Collective information suggests that suboptimal zinc along with GC have a synergistic role for removal of precursor T and B cells resulting depressed immune function.
EFFECT ON T-CELL
Zinc dependant hormone "thymulin" secreted from thymic stroma, governs T cell proliferation. Thymulin, a zinc containing hormone, is biologically inactive when stripped of zinc (Dardenne et al., 1982) . Thus rapidly developing immature thymocytes in side the thymus are highly vulnerable to decrease in thymulin activity. Thymulin plays an important role in T-cell maturation, cytokine production and expression of IL-2 receptor on T cells (Tanaka et al., 1989; Coto et al., 1992) . The effect of zinc is so specific that neither any biologically active divalent cation (calcium or magnesium) nor structurally similar ion like cobalt or iron can restore the effect. Zinc deficiency causes thymic atrophy, which is reversible with zinc supplementation (Moochegiani et al., 1995) . T-cell proliferation induced by zinc is not due to direct action of zinc on T cells rather an indirect effect through (zinc induced) monocyte derived cytokines. Zinc fails to induce cytokine secretion in monocyte depleted T cells (Hadden, 1995 , Wellinghausen et al., 1997b . The proliferating ability of spleenic T cell, levels of Ca + , calmodulin, IL-2 and IL-2 receptors of thymocytes are reduced in zinc deficient rats (Feng and Chang, 1993; Wu et al., 1998) . The number of CD4 and CD8 T cells and their ratio in the spleen of zinc deficient mice are declined (Zhou and Wu, 1995) . Conversely high zinc concentration can inhibit T cell response by blocking the IL-1 type 1 receptor associated kinase (Wellinghausen et al., 1999) . Deficiency or sufficiency of zinc in excess abrogates the T cell response towards T cell mitogen in chicks (Chandra, 1984; Zhang et al., 1999) .
EFFECT ON MONOCYTE
Although zinc uptake does not differ in monocyte and T cells but it exerts different effect on these two cell types. Surprisingly monocytes have higher intracellular zinc concentration and high tolerance to extracellular zinc than T-cells. This attributes to their cytokine secreting ability at higher zinc concentration where the T-cell becomes suppressive (Wellinghausen et al., 1997b) . Molecular mechanism by which higher zinc level induces T cell suppression is supposed to be due to zinc specific inhibition of IL-1 type-I receptor-associated kinase. Similar to in vitro study, the inhibitory effect after high dose zinc supplementation has been reported earlier (Chandra, 1984 ). It appears that physiological level of zinc delicately regulates T-cell function. Release of cytokines like IL-1, IL-6 and TNFα from monocyte is due to direct interaction of zinc, independent of the presence of lymphocytes (Driessen et al., 1994) . Increased mean adherence of peritoneal macrophage to glass surface, improved clearance of E. coli from circulation and in vivo degradation of the pathogen are the attributes of enhanced activity of mononuclear phagocytic system of turkeys maintained with supplementation of zinc methionine above the basal level (Kidd et al., 1994a,b) .
EFFECT ON MITOGEN
Since 1970, zinc ion has been described as a simplest mitogen and deficiency of zinc abrogate the mitogenic stimulation (Kirchner and Ruhl, 1970) . Zinc has been shown to be having co-mitogenic property with phytohemaglutinin (Fraker et al., 1986) . Similarly substimulatory concentration of zinc enhances the cytokine secretion from lipopolysaccharides induced leukocytes (Driessen et al., 1995a) . Synergistic activity of zinc is due to direct interaction of zinc with LPS resulting structural alteration of LPS making it less fluid thereby it become more biologically active (Wellinghausen et al., 1996a,b) . Further more, the report of Driessen et al. (1995a) have suggested that the zinc enhances LPS activity so strongly that unstimulatory concentration of LPS combined with unstimulatory doses of zinc resulted in activation of monocytes. LPS interact with LPS binding protein (LPB) in the circulation that leads to polyclonal activation of the immune system (Bone, 1991) . Two possible mechanism for zinc action has been proposed either (i) zinc up regulates expression of CD14 receptor on the cell surface, stabilize binding of LPS to LPB thus LPS-LPB complex can act as a ligand for CD14 receptor, or (ii) zinc can support the second messenger signals pathways for cell activation (Driessen et al., 1995b ). LPS being a major pathogenic factor in Gramnegative bacterial infection, zinc therapy in those patients enhance the LPS activity with exaggerated acute phase response (Braunschweig et al., 1997) . Supplementation of zinc may leads to devastating consequence in pig during sepsis (Klosterhalfen et al., 1996) . Reduction in blood zinc level during inflammation of mammary gland due to clinical and sub clinical mastitis in lactating cow of an organized herd has been observed (Naresh et al., 2001 ). According to them the reduced blood zinc concentration can't be solely attributed to its increased excretion in milk. Rather the interaction between toxins and enzymes (released by the mastitis causing pathogen) with the host myeloepithelium may activate the utilization of zinc, resulting in less zinc in circulation. Lower level of detection in blood plasma might be due to enhanced utilization of zinc in inflamed cell has also been suggested by them. Zinc therapy has been recommended for prophylactic measure before any operation but not during sepsis. Zinc also influences the immunostimulative effects of some bacterial super antigens derived from Gram-positive bacteria, as well as tetanus toxin and diphtheria toxins. These super antigens act as non-specific mitogen through antigen presentation pathway bypassing the antigen processing mechanism. Super antigens bind to the β chain of MHC-II molecules. This binding process needs the requirement of zinc by forming a zinc clusters involving three amino acids of super antigens and histidine-81 of the β chain of MHC-II molecule (Fraser et al., 1992; Kim et al., 1994; Sundstrom et al., 1996) . This zinc dependant interaction is diminished by zinc chelation (Bernatchez et al., 1997) . Zinc mediated dimerization of superantigen derived from Staphylococcus aureus, facilitates T cell independent interaction resulting direct activation of monocytes (Sundstrom et al., 1996) .
EFFECT OF ZINC ON FARM ANIMALS

Inherited deficiency
Similar to that of inherited severe zinc deficiency viz acrodermatitis enteropathica (AE) observed in human being spontaneously occurring inherited zinc deficiency condition is not uncommon in Friesian and Shorthorn cattle. This hereditary defect in farm animals is due to inheritance of an autosomal recessive lethal trait A46. It is characterized by the reduced capacity of dietary zinc absorption, resulting dermal and intestinal lesions along with impaired immunity that leads to death unless maintained with zinc therapy (Andressen et al., 1974; Brummerstedt et al., 1974; Kroneman et al., 1975; Flagstad, 1976; Price and Wood, 1982; Perryman et al., 1989) . Experimental design consisting of four heifers heterozygous for lethal trait A46 when reared, only two of them developed clinical sign of zinc deficiency within 3 to 5 weeks of age. At birth the plasma zinc concentration was although normal, it gradually declined with onset of clinical symptoms, and it could be restored on supplementation of 200 mg of ZnSO 4 (7 H 2 O) per day per calf (Perryman et al., 1989) . Flow cytometry analysis of lymphocytes from these calves revealed fluctuation in T lymphocytes subpopulation. Antibody response towards a T-cell dependant antigen, φX 174 bacteriophage was of low magnitude during primary as well as secondary response, as compared to control calves. Whereas both the calves have shown immunoglobulin class switching (IgM and IgG isotypes). The antibody thus produced was equally capable to neutralise the bacteriophage like that of normal calves. The above study have indicated that the calves with A46 genetic disorders were immunologically normal (neither lymphopenic nor leukopenic) during birth but subsequently alteration in lymphocyte population (reduced B cell count) might have contributed for immunological impairment. In their findings authors have mentioned that the lymphocyte blastogenic responses of one of the animal towards the lectins (ConA, PHA and PWM) was subnormal up to 4 weeks of age, but following zinc supplementation beginning at 4 weeks of age, the response was increased. This has suggested that zinc therapy may ameliorate the disease condition to a certain extent. Simultaneously authors (Perryman et al., 1989) have judiciously described that the lymphocyte defects are not so prominent to explain the uniform mortality in calves having A46 genetic disorder. Researchers (Arrayet et al., 2002) have also probed the role of zinc in the recovery of another inherited immunodeficiency disease of cattle known as bovine leukocyte adhesion deficiency disease (BLAD). In normal healthy cattle the leukocytes are capable to adhere to the cell surface due to the expression of a membrane protein known as integrin of β2 family, designated with a CD number (CD18). Due to lack of expression of CD18, the circulating leukocytes fail to adhere therefore subsequent down stream events and signal transduction pathways for cell activation is abrogated resulting severe immune impairment. Molecular mechanism of BLAD is described in more detail by Kriegesmann et al. (1997) . Calves homozygous for CD18 mutation have recurrent bacterial infection, poor growth and survive rarely beyond one year of age (Kehrli et al., 1992) . In the report of Arrayet et al. (2002) , a total of 421 Holestein calves including 33 female and 20 male heterozygous for BLAD character were maintained for 90 days from birth with supplementation of 100 mg of zinc/kg DM, which was much higher than the recommendation of NRC (1989b). The study period did not influence the growth performance in calves heterozygous for CD18 locus. Growth performance was also not affected in normal calves within 90 days of their study. Although animals were vaccinated with infectious bovine rhinotracheitis, parainfluenza type 3, bovine virus diarrhea, respiratory syncitial virus, leptospirosis and clostridia, nowhere the difference in magnitude of antibody response between normal and CD18 heterozygous calves has been mentioned. Possibly the animals were vaccinated to minimize the infection and to prevent mortality from these pathogens, as the BLAD carrier animals were more prone to recurrent infection. The above study has emphasized that heterozygous BLAD calves neither have an advantage nor disadvantage in growth over normal calves. Practical benefit of this study has shown that there is no need to incur added expenses to remove calves heterozygous for BLAD under the assumption of poor growth performance (Arrayet et al., 2002) .
Effect on ruminants
Growth promoting effects of zinc on farm animals have witnessed variable results and at times the results are more conflicting than conclusive. Most frequently dietary zinc is supplemented either in the organic (zinc-methionine/zinclysine) or in the inorganic form like zinc oxide, zinc sulfate etc. Bioavailability of zinc among these two forms is still under debate. About six week of experimental feeding of Holstein heifer calf with 300 ppm of dietary zinc either in the form of ZnO or organic form (Zinc-Met/Zn-Lys) resulted without any difference in growth performance and immune function in the recipient (Kincaid et al., 1997) . Except higher bioavailability of zinc in organic form, there was no significant treatment effect recorded on mitogen induced blastogenesis, IL-2 production, cytotoxicity, and intracellular killing ability of neutrophil. Therefore it was concluded that supplementation of extra dietary zinc in either of the forms could not enhance the immune function of animals. Apparent absorption of zinc was higher in pregnant cattle and sheep as compare to non-pregnant one. Effect of gestational status has shown higher retention of zinc during last trimester of gestation (Vierboom et al., 2003) . The results of zinc supplementation had become more puzzling due to nonuniformity in the results of their bioavailability between feed grade and analytical grade obtained from same zinc source viz ZnO (Edwards and Baker, 1999; Mavromichalis et al., 2000) . Similar to that of cattle, the overall immune response of sheep could not be enhanced with higher supplementation of zinc (25 mg ZnMet/kg) above the basal diet having 25 mg of ZnO/kg (Dorke et al., 1998) . Unless there is severe deficiency of zinc, the immune-status is unaltered in lamb and even marginal zinc deficiency had shown similar immunological response and gain in body weight like that of zinc adequate lambs (Dorke et al., 1993) . However, supplementation of zinc at very high level may have negative consequences. During 63 days of their study, Hatfield et al. (2002) observed reduced antibody titer against para influenza-3 vaccine in grazing sheep fed on supplemental zinc, seven times more than NRC (1985) recommendation. The exact mechanism for this negative impact although not been justified, possibly the high level of zinc in their study might have shown antagonistic effect on other minerals that positively modulate the immune mechanism of host. Severe zinc deficiency is known to cause immunosuppression (Chester, 1997), but additional zinc above the normal requirements not necessarily enhance over all immune status of animals . Grazing cattle usually suffer from zinc deficiency, for which supplementation is a common practice in farming. Report of Corah and his group has confirmed this view while surveying the forage samples from which only 2.5% samples were zinc adequate (Corah et al., 1996) . In addition to lower feed intake zinc retention become negative during stress, which demands additional zinc supplementation along with the diets. Supplementation of zinc at the rate of 25 mg/kg above the basal diet (25 mg/kg) have shown enhance antibody response against bovine herpes virus-1 vaccine in steers, but no difference in antibody titer was observed against parainfluenza-3 viral vaccine (Spears et al., 1991) .
Effect on monogastric animals
Importance of zinc in pig nutrition has been recognized since 1955 in relation to its role to treat skin disorder like parakeratosis (Tucker and Salmon, 1955) . Its role in the farm animals was brought to light by subsequent studies. Like that of ruminants controversy still prevails regarding the superiority of organic versus inorganic form of zinc in pig nutrition. According to Lee et al. (2001a) in terms of growth performance, the organically chelated and complexed form of copper and zinc are equally effective as that of their inorganic salts. Subsequent reports form the same working groups have opined that zinc concentration in serum to be influenced by the dietary levels rather than by the source (Lee et al., 2001b) . Contrary to the above findings in a different experimental trial the same group has observed that weaned pigs rearing with organic form of zinc along with other trace minerals tended to grow faster rate, consumed less feed that was utilized more efficiently. Consequently organic form of zinc feeding resulted in greater accumulation of zinc in serum and bone (Acda and Choe, 2002) .
More researchers have given justification in favour of zinc as an antimicrobial agent (Sorderberg et al., 1990; O' Quinn et al., 1997) as well as an immunomodulator that has influenced the physiology of recipient in a beneficial manner (Wirth et al., 1989; Chirase et al., 1994) . It has been suggested that the action of zinc is not additive or synergistic with the antibiotics in the feed formulation, but authenticity of such hypothesis is yet to be verified in diverse environment and management conditions (O'Quinn et al., 1997) . Role of zinc oxide as growth promoter and for the control of diarrhea has been described in detail in a recent review (Bosi et al., 2003) . Interestingly in his previous experiment he could not observed any beneficial effect on growth and diarrhea intensity in enterotoxogenic E. colli challenged pigs, maintained at 3 g of dietary zinc (Bosi, 2000) .
Closer to this observation, we failed to detect any major difference in antibody level against Pasturella multocida vaccine in pig with higher dietary zinc (Bhar et al., 2003) . Possibly the zinc content in the basal diet was adequate for maintenance of normal health resulting moderate antibody response, without any detectable immune impairment. Our finding is in agreement with the recent findings of Roberts et al. (2002) . In their report no gain in feed intake, feed efficiency and cellular immune response measurement was observed in pigs fed on additional supplementation of 150 ppm of zinc along with the 30 ppm already present in the basal diet. In our earlier finding additional zinc supplementation (30 mg ZnSO 4 /kg) above the normal schedule was neither detrimental nor beneficial as far as immunological parameter was concerned, nevertheless the additional zinc enhanced the wound healing process (Bhar et al., 2001) . Wound healing process is a complex phenomenon known to be controlled by various cytokines that regulate immune network of host. A local effect of zinc can be suspected considering its wound healing action in the topical use. In the pig during wound healing process an increased exogenous gene expression of insulin growth factor-I was observed. This growth stimulating factor could favour a better recovery of intestinal epithelium after the weaning stress or reduce its negative effect, has been described recently (Bosi et al., 2003) . The immunopotentiating effect of zinc to withstand the inflammatory response during sepsis in pig model has suggested its use as a prophylactic measure before any surgical intervention (Klosterhalfen et al., 1996) . Zinc supplemented at 50 and 150 ppm to a corn-soyabean meal based diet containing 30 ppm of zinc enhanced the febrile response in pigs subjected to iatrogenic endotoxaemia, but did not affect growth performance. According to them supplementation above NRC recommendation for zinc may not be beneficial (Roberts et al., 2002) .
Effect on poultry
Serum zinc concentration in birds has been found to be influenced by the source of dietary zinc. Organically bound minerals such as chelated and complexes have higher bioavailability in poultry birds (Lee at al., 2001b) . Depletion of lymphocytes, degenerative changes in thymus, reduction of lymphoid follicle in bursa of Fabricious is characteristic features of zinc deficiency in broilers (Wight et al., 1980; Burns, 1983) . Higher magnitude of antibody response was recorded by the fortification of zinc in poultry birds (Pimentel et al., 1991) . Reduction in antibody titre against Newcastle disease and Marek`s disease virus, substantially low B cell response against lipopolysaccharides and T cell response towards mitogen like Concanavalin-A have been reported in zinc deficient chicks (Zhang and Zhou, 1998; Zhang et al., 1999) . Ducklings maintained with 22.9 mg of zinc/kg diet have shown much reduction in the weight and growth index of the bursa, spleen and thymus. Restrained proliferation and differentiation of lymphocytes within lymphoid organ might be the cause of reduced growth index of these lymphoid tissues (Cui et al., 2003) . Enhanced antibody response in the progeny chicks from hen maintained with zinc fortified diet support the immunomodulatory property of this compound (Stahl et al., 1989) . Dietary zinc supplementation in turkey enhanced mononuclear phagocytic system resulting an early clearance of E. coli from circulation (Kidd et al., 1994a,b) . Recent information by Lim and his group has shown no significant increase in serum IgG level in birds fed with zinc-met alone or in combination with Mn-met. Similarly supplementation of zinc had no beneficial effects on laying performance and eggshell quality (Lim and Paik, 2003) .
Human study has revealed an interesting application of zinc as an adjuvant in vaccination. The results of a number of vaccination trials, which were accompanied by zinc supplementation, are extremely contradictory (Rawer et al., 1987; Greskas et al., 1992; Turk et al., 1998) . Comparison of above experimental results from various animals and human studies have shown either an enhanced immuneresponse or without any detectable beneficial effect of zinc. Such variable and contradictory results might be due to a plethora of factors like, different source of dietary zinc used in their respective studies, species of animals used, environmental or induced stress generated in their experiment proper, duration of the feeding trial, developmental stages of animal during trials, parameters used to detect the immuneresponse and many more like synergistic or antagonistic effect of other micronutrients present in the feed and so on.
ZINC SUPPLEMENTATION
Recommendation of zinc therapy for corrective measure is not an easy task. It should be considered along with bioavailability of dietary zinc. Dose recommendation based upon the plasma zinc concentration is never a realistic approach but there is no single assay system that could reflect the entire spectrum of zinc status to represent the deficiency to sufficiency. Dietary requirements of zinc in farm animals are immensely variable due to species difference. Moreover, within the same species requirements differ during various growth phases of its life cycle. When animals maintained on a well-formulated ration having adequate zinc, still few animals may show deficiency due to many reasons, like level of intake, previous nutritional status, interrelationship among nutrients, malabsorption, disease, environmental stress and many other known and unknown factors. Besides these a lot many midway correction is required for different stage of development, age, weaning stage, gestation, lactation, etc. For global uniformity the nutritional requirements for man and animals are followed by the guidelines designed by either National Research Council (NRC) of USA or by Agricultural Research Council (ARC) of UK. The recommended dietary allowance (RDA) for each nutrient has been fixed in NRC guidelines with the basic purpose of providing standard for good nutrition. For practitioner the guide lines of RDA are approximate, flexible and generous, and nutrition practitioner can use them to assess the adequacy of diets. In nutrition practice different terminology for dietary standards (Table 2 ) are used by various countries (Lachance, 1998) .
Recommendations are usually made to meet the average demand of the population plus safety factor considering the individual variability and bioavailability of zinc. Most studies on zinc bioavailability determine the relative bioavailability and only a few reports address the absolute apparent bioavailability. Absolute bioavailability was found to be 19%, 22% and 23% for zinc acetate, zinc oxide and zinc sulfate, respectively (Poulsen and Carlson, 2001) . The schedule of recommendation of zinc for various farm animals at different growth phase is so complex that it is beyond the scope of this review to accommodate. For recent information readers can refer to NRC (2001) and GfE (2003) . Minimum requirement of zinc as per recent guidelines are given below (Table 3) .
As per recent guidelines (http://europa.eu.int/comm/ food/fs/sc/scan) a minimum of 60 mg/kg DM may be the requirement for dog provided calcium content in the diet is not excess. Exact requirement in gestation and during lactation may change in different breeds that may reach to 90 mg/kg. Considering the above requirement the recommendation given by AAFC (1998) is 120 mg/kg DM for dog and 75 mg/kg DM in cat. Fish are capable to absorb zinc from water to a certain extent, but predominantly absorption is through intestine for which a dietary requirement is about 15-30 mg/kg DM (Origino and Yang, 1978) . Suggested minimum zinc requirement is 20 mg/kg DM for growth and normal maintenance of pregnancy in sheep, however during lactation requirements may increase to 33 mg/kg DM. It is recommended that 1 g/kg is definitely high and can cause growth reduction in sheep (NRC, 1985) . The requirements for horses are like that of cattle, but for poultry and pigs it is 60 and 50 mg per kg diet, respectively (Tilden et al., 1990) . Zinc supplementation to farm animals definitely relies upon the natural level of zinc present in the feeding stuff and all facts impacting on zinc availability. As per European Union up to 250 mg/kg DM are allowed as a feed supplement. A dose level of 2 to 6 g/kg is definitely being considered as prophylactic measure intended to correct the physiological disturbance and prevent diarrhea in young pigs (Poulsen, 1995; Carlson et al., 1999; Mavromichalis et al., 2000 Mavromichalis et al., ,2001 . Zinc toxicity is not common, yet ruminants are more prone to its toxicity than pig and poultry. A dose level of 1 g ZnSO 4 /litre was found to be toxic to broiler chicks (Donmezz et al., 2002) .
For human nutrition different criteria like "reference nutrient intake", "estimated average requirement", "lower reference nutrient intake", "lowest thresh hold intake" have GfE (1999) been described (Aggett et al., 1995) . An upper limit of 50 mg/day although recommended for an adult but for children it is less clear. Classical manifestation of zinc deficiency has been observed in children with acrodermititis enteropathica, whereas in animal model the deficiency is milder type with growth retardation as a crucial means of conserving zinc. Exact mechanism of zinc conservation is not known. Pathological expression of deficiency usually occurs, long before major depletion of total body zinc pool takes place. Zinc supplementation is generally prescribed when suspected for retarded growth. However, chronic diarrhea, pneumonia also demand zinc therapy. It is also recommended when suspected for mild zinc deficiency status. Detection of zinc deficiency is usually hampered due to lack of adequate biomarker and the lack of pathognomonic clinical features. For many reasons mild zinc deficiency does not show typical clinical signs and remain undiagnosed till moderate deficiency arises. Serum zinc level although convenient but considered as a poor measure of marginal zinc deficiency (King, 1990) . Other alternative approaches like hair zinc concentration, detection of zinc dependent enzymes etc are not so convincing. Presently zinc recommendation has become a practice in pregnancy. Additional zinc supplementation during pregnancy and lactation is a routine practice in animal feed formulation. The supplementation in pregnancy although have shown beneficial effect on the fetal brain development and high birth weight (Goldenberg et al., 1995) , yet others have shown no real benefit out of it (Caulfield et al., 1999) . Growing evidence of zinc deficiency in individuals where intake of zinc is adequate is more puzzling. In this situation poor bioavailability of dietary zinc may be one of the possible reasons. New approach for zinc status assessment has now looking for detection of serum ferritin, transferin and metallothionein. Detection of differential mRNA display in various tissues that are preferentially up-or-down regulated by zinc deficiency is under active investigation by the researchers for evaluating the zinc deficiency status. Technical advances in both "genomic" and "proteomic" investigation will hopefully add knowledge in zinc homeostasis (Humphery-Smith and Blackstock, 1997) .
Prior detection of biomarkers of zinc deficiency before prescribing zinc therapy is neither always possible for professional nor always affordable for the patients and animal owner too. Symptomatic deficiency occurring either due to inadequate intake, malabsorption or increased loss may be suggestive for zinc recommendation. The safety margin of zinc is fairly high. Zinc is considered to be relatively non-toxic mineral at moderate dose level. Based on scientific knowledge the recommended dietary allowance (RDA) for human being is prescribed by NRC (1989a) which is far below the safe intake margin given by toxicologists in their prescribed oral reference dose (RfD). The RfD is 21 mg/day for men, whereas the RDA is 15 mg/day for adult men and pregnant women and 12 mg/day for non-pregnant women. Interestingly a lower level of recommendation has been practiced in UK. All these recommendations are definitely at a lower limit than the actual requirement in deficiencies. Immunosuppression at a higher dose of zinc supplementation may be a completely new therapeutic approach for the selective suppression of lymphocytes function required during transplantation. As compare to commonly prescribed immunosuppressive drugs, zinc is extremely nontoxic even at doses much higher than the RDA (Fosmire, 1990) .
CONCLUSION
The importance of zinc has definitely proved to be true for proper functioning of immune system, which is delicately regulated by zinc level. For proper physiological function body requires a trace amount of zinc so it is referred as trace element. As there is no specialized zinc storage in the body daily intake is essentially required to achieve normal level. Deficiency of zinc not only hampers the overall immune function but also associated abnormalities are surfaced out. Unless there is any congenital defect regarding zinc assimilation the deficiency symptoms can be corrected by supplementation. Recommended intakes emphasize the values applicable only to the healthy population, based on average data, which is flexible and need correction depending upon the individual cases. There are no reliable and authentic parameters to detect zinc deficiency status correctly. Plasma zinc concentration although acceptable for many professionals, yet it has considerable limitations. For example during real zinc deficiency cases, plasma zinc level may be maintained within the reference range by the release of zinc from tissue catabolism. Leukocytes contain about 25 times as much zinc as the equivalent number of erythrocytes (Vallee and Gibson 1948; Vallee, 1955) . Decrease in leukocyte zinc content together with reduction in alkaline phosphatase has been considered as diagnostic criteria, but its validity has been proposed as well questioned (Prasad, 1983; Milne et al., 1985) . Until there is no suitable biomarker is available, to detect zinc deficiency status, therapeutic zinc administration must be adjusted according to the plasma zinc level, with consideration of associated clinical signs and previous managemental history. Routine dietary recommendation of zinc in farm animal is a quite common practice to sustain good health, as it can reduce the disease prevalence to a certain extent. Therapeutic use of zinc to induce immunosuppression is a novel approach practiced by the clinicians. Due to its low toxicity at higher dose level as compared to commercially available immunosuppressive drugs it has become a choice for the treatment of rheumatoid arthritis, autoimmune diseases, and survival of organ transplantation in the recipient. Mice model has contributed much in this area yet farm animal studies are of paramount importance.
